The rhabdomere, the specialized microvillar structure of the invertebrate photoreceptor, contains rhodopsin and other important components in phototransduction and is functionally analogous to the outer segments of vertebrate rod cells, which contain calmodulin. In addition, the microvillar rhabdomeres are structurally similar to the calmodulin-rich brush border of vertebrate intestinal epithelial cells (9) . Like the brush borders, rhabdomeres consist of highly ordered microvilli composed of actin filaments connected to the surrounding plasma membrane by radial links (9).
The major calmodulin binding protein in the intestinal microvilli is an unconventional myosin called the brush border myosin I (10 ............... ........................... ............ 
chain head (1 1, 12). The p 174 isoform is spatially restricted to the microvillar rhabdomeres, and p132 is restricted to the subrhabdomeral cytoplasm (13). Most unconventional myosins bind calmodulin, although the function of this interaction in vivo has not been clarified (14)
. We report here that interaction between the NINAC unconventional myosin and calmodulin is required for subcellular localization of calmodulin and for phototransduction.
In Drosophila photoreceptor cells, calmodulin was highly concentrated in the rhabdomeres (Fig. 1) . The rhabdomeres appeared as ribbons of staining extending the length of the retina in longitudinal sections (Fig. 1, A and B) and as seven ovals in each ommatidium in cross sections (Fig. 1, C and D) . The sub-rhabdomeral cytoplasm of the photoreceptor cells also stained with antibody to calmodulin (Fig. 1 D) . We estimate that the concentration of calmodulin in the rhabdomeres was approximately 0.5 mM (15).
Two methods were used to examine whether the NINAC proteins bind calmodulin. In the first method, the calmodulinoverlay technique, p174 but not p132 bound calmodulin. Retinal proteins from wild-type and ninaC null flies, ninaCP235, were fractionated on a polyacrylamide gel, transferred to nitrocellulose, allowed partially to renature, and probed with '25I-calmodulin. The major band detected in this analysis appeared to be NINAC p174 because it was a protein of approximately 170 kD present in the lane containing wild-type extracts and not in the ninaCP235 lane (Fig. 2A) . In a second assay with calmodulin-agarose affinity resin and whole head extracts, we found that both NINAC isoforms bound calmodulin. The proteins from crude high-speed supematants that bound to calmodulin-agarose were eluted with SDS sample buffer, fractionated on a polyacrylamide gel, and visualized by staining with Coomassie blue. Two polypeptides the sizes of the NINAC proteins were the major calmodulin binding proteins identified in this assay (Fig. 2B) . Both of these bands reacted with a ninaC antibody, and neither was detected in the calmodulin-agarose assay with ninaCP235 extracts. The NINAC p174 and p132 isoforms bound calmodulin-agarose in the presence or absence of Ca2+ ; however, p132 required Ca2+ for optimal binding (16).
Because the NINAC proteins were the major calmodulin binding proteins in the retina and are putative motor molecules that might play a role in transporting other proteins in photoreceptor cells, we compared the spatial localization of calmodulin in wild-type and several ninaC mutants. In P[ninaCAl32] flies, which express p174 but not p132 (13), calmodulin was expressed in amounts similar to those in wild-type flies (Fig. 3) . It was concentrated in the rhabdomeres, but very little was detected in the sub-rhabdomeral cytoplasm (Fig. 4A) . In P[ninaCAl741 flies expressing p132 but not p1 74 (13), calmodulin was expressed at twothirds the wild-type amount (Fig. 3) and appeared evenly dispersed throughout the cell without strong rhabdomere staining (Fig. 4B) .
When both p174 and p132 were absent from the photoreceptors, as in ninaCP235 flies, the amount of retinal calmodulin was half that of wild-type flies and was localized to the extracellular central matrix (Figs. 3 and 4C) . This mislocalization was specific to calmodulin because the subcellular distribution of another rhabdomeric protein, rhodopsin (Rhl), was unchanged in ninaC1235 (16). The localization of calmodulin to the central matrix was unlikely due to retinal degeneration because the localization was assayed in young flies that had undergone little degeneration. Furthermore, in young retinal degenerationC (rdgC) mutant flies that have undergone a similar degree of subtle retinal degeneration to that in young ninaC flies (17), calmodulin localization was indistinguishable from that of (Fig. 5A) .
The second method entailed calmodulin overlays and calmodulin-agarose assays with mutant p174 polypeptides expressed in transgenic flies. These included P[ninaC'Kl and P[ninaCMDl flies, which express stable forms of p174 missing the kinase and myosin domains, respectively (Fig. 5C) (20,  21) . In addition, we generated another transformant line, P[ninaCAB], which expressed a stable derivative of p174 missing the NH2-terminal region of the p174 tail extending from amino acids 1037 to 1253 (21) (Fig. 5A) . The mutation in P[ninaCfl] flies, in addition to truncating p174, prevented synthesis of p132.
The deletion of 217 amino acids beginning at the end of the myosin head region in p174 eliminated all detectable calmodulin binding on calmodulin overlays; however, the deletion of the myosin or kinase domains did not affect association with calmodulin (Fig. 5B) . Similar results were obtained in solution by the binding of extracts, prepared from heads of wild-type flies, to calmodulin-agarose and probing for the NINAC proteins on a protein immunoblot (Fig. 5C) . In wild type, P[ninaC'Ji, and PlninaCMDJ, the various derivatives of p174 bound to calmodulin, whereas the truncated large NINAC protein from P[ninaCABI did not (Fig. 5C) . The two assays demonstrated that the region from residues 1037 to 1253 was the only domain in p174 required for calmodulin binding in vitro. This domain contains two sequences (Fig. 6, A  and B) , but most of the calmodulin in PlninaC"B] ommatidia was in the extracellular central matrix rather than in the rhabdomeres and sub-rhabdomeral cytoplasm (Fig. 6, C and D) . The levels of calmodulin in PlninaC"B] retinas were reduced approximately twofold, as was observed with ninaCP235 (Fig. 6E) .
We used electroretinogram (ERG) recordings, which measure the responses of retinal cells to light, to determine whether there was a defect in phototransduction associated with PlninaCAB] flies. In wildtype flies, there was a large comeal negative response to light followed by a rapid return to the dark state upon the cessation of the light stimulus (Fig. 7) . The large transient spike coincident with termination of the light pulse, the off-transient, derives from activity in the laminal portion of the optic lobe (23). The response of wild-type flies to a second pulse of light was indistinguishable from the first (Fig. 7) .
The P[ninaCIBI flies showed an ERG phenotype characteristic of the null allele, ninaCP235. The features of this defective ERG included an abnormally large initial response, a significantly reduced off-transient, and a slow return to base line upon the cessation of the first light pulse (Fig. 7) . These results indicated that deletion of the calmodulin binding domain in p174 caused a defect in phototransduction.
The PIninaCAB] flies did not undergo the age-and light-dependent retinal degeneration that characterizes ninaCP235 (13 
